Optical coherence tomography (OCT), laser-induced fluorescence (LIF), and laser-scanning confocal microscopy (LSCM) were used for the task of multimodal study of healthy and adenomatous mouse colon. The results from each modality were compared with histology, which served as the gold standard. The Apc Min͞ϩ genetic mouse model of colon cancer was compared with wild-type mice. In addition, a special diet was used for the task of studying the origins of a 680 nm autofluorescent signal that was previously observed in colon. The study found close agreement among each of the modalities and with histology. All four modalities were capable of identifying diseased tissue accurately. The OCT and LSCM images provided complementary structural information about the tissue, while the autofluorescence signal measured by LIF and LSCM provided biochemical information. OCT and LIF were performed in vivo and nondestructively, while the LSCM and histology required extraction of the tissue. The magnitude of the 680 nm signal correlates with chlorophyll content in the mouse diet, suggesting that the autofluorescent compound is a dietary metabolite.
Introduction
Colorectal cancer (CRC) is the third most common form of cancer in both men and women in the United States. CRC accounted for an estimated 11% of new cancer cases and 10% of cancer fatalities in 2004. Early detection is essential, as CRC has a five-year survival rate of 90% when it is detected at an early stage, but the survival rate drops to less than 10% after metastasis. Unfortunately, only 38% of CRC cases are discovered in the early stage. 1 New tools that minimize the invasiveness of screening, aid early detection, and enable the serial monitoring of disease progression and therapies for CRC are needed. There are multiple schemes under which these tools must function. In vivo, minimally invasive imaging tools are needed for both human patients and the mouse models that are used to develop and test therapies. Ex vivo, nondestructive imaging is needed to determine tissue function and structure with minimal artifacts. Ex vivo, destructive analysis (imaging of histological sections) provides the gold standard for diagnosis and tissue evaluation.
There are a number of system considerations that drive the design of imaging-based screening and diagnostic tools. The first important factor is resolution. Cellular-level resolution enables the identification of cell morphologies associated with early-stage dysplasia, while tissue-structure resolution can be used to identify gross tissue changes associated with disease. A second design consideration is the utility of surface imaging capabilities compared with depth-resolved diagnostic tools. Surface imaging tools, such as traditional video colonoscopy, only provide data on superficial tissue structure. For depth-resolved techniques, the depth of penetration in highly scattering biological tissue is an important consideration in system design. For use in the diagnosis of early-stage CRC, a depth of penetration of the order of 1-2 mm is sufficient for the relatively thin colonic mucosa and submucosa. A final design factor is the type of information the diagnostic instrument provides. While structural information is very useful in biological diagnosis, the addition of biochemical clues to tissue function may increase the sensitivity and specificity of a given system to disease.
Optical imaging modalities have resolutions that range from subcellular to tissue level, can be depth resolved, and are capable of providing functional and structural information. For these reasons, they may have an advantage over competing technologies. Conventional ultrasound imaging is limited to resolutions of approximately 50-100 m, 1 to 2 orders of magnitude poorer than that of optical imaging modalities. Clinical magnetic resonance imaging (MRI) and computed tomography (CT) are limited in resolution to ϳ1 mm and provide primarily anatomical information.
However, optical techniques face some challenges in the clinical and laboratory environments, primary among them being limited depth of penetration and low endogenous signal levels. Ex vivo imaging greatly reduces system design constraints by eliminating the need for miniaturization, biocompatibility, and tissue-access considerations, but extraction of the tissue for ex vivo imaging is not compatible with realtime tissue evaluation or time-serial evaluation of disease progression and therapies. In vivo imaging enables nondestructive diagnosis, but access to the target tissue site and low signal levels become major design concerns. The design of optical tools is also driven by whether the system will be used in human or animal model studies. While imaging of human subjects is ideal for the study of human disease pathogenesis, such experiments are often very expensive, time consuming, and limited in scope owing to safety constraints. Animal models, particularly rodent models, are a useful alternative. Murine models can greatly reduce the time and expense of early-stage studies while still offering a sufficiently accurate model of human physiology. However, small-rodent models place additional design constraints, such as extreme miniaturization, on optical instruments that can realistically be used for in vivo experimentation.
The optimal choice of optical modality thus differs depending on the imaging environment and the target imaging tasks. In this paper we utilize four optical modalities that are suitable for in vivo and ex vivo imaging in a mouse model of colon cancer. These four modalities include optical coherence tomography (OCT), laser-induced fluorescence (LIF) spectroscopy, laser-scanning confocal microscopy (LSCM), and histology. We employ these four modalities in the pursuit of two specific imaging tasks. The first task is multimodal identification and verification of healthy and diseased tissue. The different modalities are used to collect structural and biochemical information about the tissue sample with both macroscopic and microscopic resolution and to then arrive at a diagnosis of the disease state. The second task is studying the origin of a 680 nm autofluorescent signal in an attempt to determine whether the signal is correlated with increased chlorophyll content in the mouse diet and whether the autofluorescent signal is the result of superficial contamination or cellular uptake.
A. Optical Coherence Tomography
OCT is a depth-resolved, minimally invasive imaging modality that achieves high axial resolution by using low-coherence interferometry. Depth scanning is achieved by varying the optical path length in the reference arm of a Michelson interferometer and measuring the envelope of the resulting interferometric signal. High axial resolution is achieved by using a low-coherence source, as interference will occur only when the optical paths of the light in both interferometer arms match to within the coherence length of the source. OCT offers a number of advantages for use in in vivo animal imaging. The use of nearinfrared (NIR) light allows for a relatively large depth of penetration, typically up to 2 mm, in highly scattering biological tissue. OCT is also compatible with fiber-based technologies, enabling the fabrication of miniature OCT probes. 2, 3 OCT axial resolution is generally unaffected by the imaging performance of the beam-shaping optics because the coherence length of the source determines the axial resolution. OCT has been used in vivo to produce high-resolution images of rabbit colon that resolve upper colonic mucosa, muscular mucosa, and submucosa in addition to crypt structures within the colonic mucosa. 4 Visualization of these structures is important in the diagnosis of inflammatory bowel disease (IBD) and colon cancer. However, the resolution of OCT systems still falls short of that achievable with a high-power optical microscope. OCT systems are capable of real-time imaging, which enables rapid, large-area screening. OCT has effectively detected specialized intestinal metaplasia, 5 adenoma, and carcinoma 6 in vivo in the human gastrointestinal (GI) tract. We have used endoscopic OCT to image the development of adenoma in vivo in mouse colon over time, demonstrating OCT's potential for early-stage diagnosis and serial monitoring of CRC. 7 
B. Laser-Induced Fluorescence
In LIF spectroscopy a sample is illuminated with ultraviolet or visible radiation, exciting endogenous fluorophores, such as NADH and collagen in the sample. The emission from the autofluorescence of the tissue provides a spectral signature that differs between normal and diseased tissue. The depth of penetration of LIF excitation light is typically of the order of a few hundred micrometers in biological tissues. The field of view and resolution of LIF spectroscopy can vary based on system design; in some cases diffuse excitation illumination is used, while in other cases the excitation is localized by an objective lens. LIF is well suited for miniaturization using fiberbased implementations and is a robust analytical tool even at the low levels typical of autofluorescence signals, making LIF advantageous for use in in vivo studies of disease. Previous studies have shown that LIF can accurately identify dysplasia in human colon tissue both ex vivo and in vivo. 8, 9 LIF has also been used in vivo to distinguish adenomatous tissue in mouse colon 7 and to monitor the progression of colorectal tumors in rats. 10 
C. Laser-Scanning Confocal Microscopy
LSCM is a high-resolution, spectrally resolved imaging technique that combines the high-power magnification and depth-resolving capabilities of a confocal microscope with the autofluorescence techniques of LIF spectroscopy. LSCM images give an en face view of the tissue at different depths. The field of view in these images depends on the magnification of the objective being used but typically ranges from tens of micrometers to several hundred micrometers in each dimension. The depth of penetration in LSCM is determined, much like LIF, by the attenuation of the short-wavelength excitation light in the tissue and is normally limited to a few hundred micrometers. LSCM has been used to quantify and differentiate the autofluorescence of normal, premalignant, and malignant human colon ex vivo. 11 LSCM also facilitates the localization of autofluorescence signals in the tissue by combining the spatial-filtering capabilities of a confocal microscope with focused fluorescence excitation. Ex vivo confocal microscopy has been used to determine the spatial origin of colonic autofluorescence in an effort to identify the differences among healthy tissue and adenomatous and hyperplastic polyps. 12 The subcellular-level resolution capabilities of LSCM have been exploited to study intracellular processes and structures in mouse models. 13, 14 Recent efforts have been made to develop miniature endoscopes capable of LSCM that would pave the way toward minimally invasive, in vivo imaging. [15] [16] [17] [18] Endoscope designs include both fiber-bundle imaging and fiber-scanning configurations. In the fiber-bundle configuration, lateral resolution is typically limited to 3 m by the fiber-to-fiber spacing. The fiber-scanning designs, which include a commercial device, have reported lateral resolutions of 0.7 m. While each of these systems was designed with the goal of integrating the LSCM endoscope into a standard colonoscope, none of these current systems are sufficiently small to be used in nondestructive imaging of mouse colon. Additionally, each of these studies used exogenous fluorescent dyes, instead of the weaker autofluorescent signal, to increase the sensitivity of imaging.
D. Histology
Histology is considered the gold standard of pathological evaluation. This technique enables highresolution, subcellular images of the tissue sample. Fluorescence measurements can be made on the histologic sections by using a fluorescence microscope to identify biochemical tissue constituents, and exogenous dyes can be employed to increase contrast without concern for toxicity effects. However, histologic examination requires the extraction, fixation, and processing of a tissue sample. These steps permanently alter the tissue before examination and may introduce processing artifacts that can be difficult to interpret. Additionally, histological tissue preparation is time consuming and labor intensive.
E. Animal Model
Mouse models can be used to study the development and treatment of human GI disease. The C57BL͞ 6J-Apc Min͞ϩ strain of mice is an attractive model for studying neoplasia in the GI tract. A mutation in the Apc gene causes these mice to spontaneously develop benign tumors (adenomas) throughout the GI tract. 19 The homolog of this gene in humans (APC) is mutated in familial adenomatous polyposis, an inherited CRC condition. The dysplasia tends to occur more prominently in the upper GI tract; however, dietary supplements, such as arginine-enriched water, can increase the tumor load in the distal colon of mice.
F. Special Diets
Our previous studies of mouse colon indicated the presence of three distinct peaks in the LIF signal of adenomatous tissue. 7 Peaks at 390 and 450 nm are associated with collagen and NADH fluorescence combined with hemoglobin absorption at ϳ420 nm. The origin of a third peak at 680 nm is controversial. Others have suggested the 680 nm signal is associated with the porphyrin derivatives of hemoglobin breakdown. 20 -22 However, these porphyrin derivatives are associated with dual emission peaks at ϳ630 and 690 nm, 23, 24 which is inconsistent with our experimental data. A 680 nm peak is consistent with the spectral profile of chlorophyll and its metabolites. To investigate the origin of this peak, we fed the mice in our study varying quantities of chlorophyll.
G. Multimodality Biological Imaging
OCT, LIF, and LSCM may be used in combination to improve the diagnosis or interpretation of tissue structure. Kuranov et al. combined OCT and LIF to study the boundaries of carcinoma in the cervix. 25 By combining modalities and employing an exogenous fluorescent dye, they were able to more accurately identify the tumor boundary. McNichols et al. reported the use of a fluorescence-guided OCT endoscope for use in the detection of oral cancer. 26 They employed fluorescence for rapid screening of a large area to guide the use of OCT in areas identified as suspect by the autofluorescence signal. OCT and LSCM have been used in combination to improve the interpretation of tissue structure. Neerken et al. used OCT and LSCM in the study of age-related effects in human skin. 27 They found that combined OCT and LSCM helped identify the sources of contrast seen in each imaging modality and gave a better understanding of the layered structure of human skin.
Because OCT and LIF are both highly compatible with fiber-based technology, we have developed endoscopes for in vivo applications in mouse models that combine the two modalities. 28 The miniaturization of OCT-LIF technologies enables minimally invasive and nondestructive measurements, thereby facilitating time-serial monitoring of therapies and disease development. 7 The goal of the present study was to compare in vivo combined OCT-LIF data to ex vivo LSCM images and histology at corresponding locations. A qualitative, visual comparison of OCT and LSCM images to histology was performed, and the sensitivity and specificity of the LIF spectra to disease was computed. Relative magnitudes of 390, 450, and 680 nm emission among disease, diets, and mouse strain were analyzed in an effort to understand the origins of the autofluorescent signals.
Materials and Methods

A. Animals and Diets
Two groups of mice (Jackson Labs, Bar Harbor, Maine) were used in this experiment. The first group was fed a custom, chlorophyll-enriched diet ͑20% spinach) (Harlan Teklad, Indianapolis, Indiana), while the second group was fed the standard NIH-31 Modified Mouse͞Rat Sterilizable Diet (Harlan Teklad, Indianapolis, Indiana). The special diet group consisted of 10 mice: 6 cancer model C57BL͞ 6J-Apc Min͞ϩ mice and 4 control C57BL͞6J mice. The normal diet group consisted of 16 mice: 10 cancer model C57BL͞6J-Apc
Min͞ϩ and 6 control C57BL͞6J mice. All mice were housed in microisolators at the University Animal Care facility on a 12:12 light:dark cycle. All mice had free access to food and a 2% arginine-enriched drink. All animal protocols were approved by the University of Arizona Institutional Animal Care and Use Committee. In addition, LIF data from a previous study (unpublished) using a group of four C57BL͞6J and three C57BL͞ 6J-Apc Min͞ϩ mice that were fed a synthetic, chlorophyll-free diet (AIN-93G, Harlan Teklad, Indianapolis, Indiana) were reviewed.
B. Combined OCT-LIF System
A combined OCT-LIF system was used to image all mice in this study. Data for both modalities were collected simultaneously through the use of a dualmodality endoscope. We have previously described a similar endoscope-based OCT-LIF system in detail. 28 Briefly, the OCT subsystem consisted of a superluminescent diode (SLD) source (Superlum Diodes, Moscow, Russia) with a center wavelength of 1310 nm and a bandwidth of 60 nm. The measured axial and lateral resolutions were 15 m (in air) and 20 m, respectively. Assuming an average index of refraction for tissue of 1.4, the OCT image depth was approximately 1.4 mm. The LIF subsystem used the 325 nm line of a He-Cd laser (Kimmon Electric, Englewood, Colorado) as the excitation source. The excitation light was coupled into a multimode, aluminized, fused-silica fiber with a 200 m core and a 0.22 N.A. (Fiberguide Industries, Stirling, New Jersey). The autofluorescence emission was collected by an identical pair of multimode, aluminized, fusedsilica fibers and was focused onto the entrance slit of a modified Czerny-Turner grating spectrometer (Triax 180, Jobin Yvon, Edison, New Jersey). Spectral data were collected over the wavelength region from 300 to 750 nm with a resolution of approximately 5 nm. Fluorescence spectra were collected continuously throughout the scans with a 1 s integration time per spectrum.
The OCT-LIF endoscope combined the two separate subsystems into a miniature 2 mm outer diameter package. The OCT optics consisted of a single-mode fiber, a centering ferrule, a gradientindex (GRIN) lens to focus the beam, and a rod prism to bend the beam through the endoscope envelope into the tissue. The LIF optics consisted of three fibers and the same prism. The LIF fibers were secured to the top of the OCT ferrule-GRIN lens assembly, and the fiber tips were coupled directly to the front surface of the rod prism. A schematic of the integrated OCT and LIF subsystems is presented in Fig.  1 , and a solid model of the OCT-LIF endoscope is shown in Fig. 2 .
While the basic optical design of the endoscope used in this study was similar to that previously described, 28 several modifications were made to facilitate more rapid and accurate mouse colon imaging. The limited scan length and lack of rotation capabilities of the original endoscope necessitated several different insertions of the catheter to scan the entire length of the distal colon and manual rotation of the catheter to achieve scans at several angles. The catheter mounts, drive motors, and optical packaging were modified to enable collection of OCT and LIF data over the entire 35 mm length of the distal mouse colon in a single longitudinal scan, with automated rotation of the catheter tip optics enabling collection of OCT and LIF data at different angles within the colon. Custom LabVIEW software was also developed to control the longitudinal scans and angular rotations without any experimenter intervention.
C. OCT-LIF Imaging
In vivo simultaneous OCT-LIF imaging was performed on each 18-week-old mouse in the study. Approximately 12 h before the imaging procedure, access to food was removed while free access to water was maintained in an attempt to minimize the presence of feces in the lower GI tract. Immediately before imaging, the mice were anesthetized with a 2.5% Avertin solution administered intraperitoneally at a dose of 0.015 mL Avertin per gram of mouse body mass. The endoscope was lubricated (KY Liquid, McNeil-PPC, Skillman, New Jersey) and then inserted into the anus. The imaging sequence consisted of eight longitudinal scans, each 35 mm in length. After each longitudinal scan, the catheter tip optics were rotated 45°before the commencement of the subsequent scan. The mouse remained in a prone position throughout the scan. The entire imaging sequence took approximately 40 min to complete.
D. Tissue Harvesting
After the OCT-LIF imaging sequence was completed, the subjects were euthanized with either an overdose of the 2.5% Avertin solution or by CO 2 asphyxiation. The abdominal cavity of the mouse was opened, and the distal portions of the colon and rectum were excised. The colon was then sliced longitu-dinally, rinsed with a saline solution, and laid flat with the luminal side outward. Tissue samples that were imaged on the LSCM were stored in a physiological phosphate-buffered saline solution and were refrigerated until imaging. All the tissue samples were ultimately placed in a Histochoice (AMRESCO, Solon, Ohio) fixative solution, no later than 6 h after harvesting.
E. Laser-Scanning Confocal Microscope Imaging
A LSM 510 META (Zeiss, Jena, Germany) laserscanning microscope was used to perform the LSCM imaging. An excitation wavelength of 458 nm from a 30 mW, Ar ϩ laser was used. Sample fluorescence was collected in an epifluorescence geometry. Two waterdipping objectives from Olympus 10ϫ (0.3 N.A.) and 40ϫ (0.8 N.A.) were used to achieve varying levels of resolution and fields of view. The detector was a 32 element, spectral photomultiplier tube (PMT) array (META detector). The META detector was configured in a two channel setup, with one channel for the 460-600 nm spectral region and the second channel for the 600-700 nm region to isolate any 680 nm signal. Zeiss LSM5 software was used to acquire the confocal images. Based on the appearance of the OCT-LIF data, 16 colons (several each of healthy and abnormal) were selected for imaging on the confocal microscope.
F. Histology
Histology was used as the gold standard for determining the tissue disease state. After being fixed in the Histochoice solution, the tissue samples were processed, embedded in paraffin, and sectioned longitudinally. Sections were obtained that corresponded to the angular locations of each OCT-LIF scan. The sections were stained with hematoxylin and eosin and were analyzed by an experienced pathologist.
G. Data Analysis
The OCT and LSCM images were compared visually with each other and with the corresponding histology sections to establish a correlation between the struc- Fig. 1 . Schematic of the OCT-LIF system. The OCT superluminescent diode (SLD) source is passed to a 50:50 fiber beam splitter. The reference arm path travels to a collimator, through a neutral-density (ND) filter, and then retraces its path back to the beam splitter after reflection from a retroreflector. The sample arm path is coupled into the dual-modality endoscope, where the light is focused into and collected from the tissue. The light from the two paths is recombined at the beam splitter and travels to a detector. The detector signal is demodulated by a lock-in amplifier, and the data are collected and stored by the computer. The LIF He-Cd laser source is coupled into a multimode fiber and into the dual-modality endoscope. The excitation light illuminates the tissue, and two adjacent collection fibers in the endoscope collect the emission light and carry it to the CCD spectrometer, where the data are recorded by a computer. Fig. 2 . Rendering of the OCT-LIF endoscope tip optics. The OCT channel consists of a single-mode fiber (F) centered on a GRIN lens (G) by a silica ferrule (SF). The GRIN lens focuses the light into a rod prism (R) that bends the beam at 90°through the silica window (W) and into the tissue. The LIF channel consists of three multimode, aluminized, fused-silica fibers. The He-Cd laser is coupled into the excitation channel (Ex). The rod prism (R) reflects the light through the silica window (W) onto the tissue. Autofluorescence from the tissue is collected by the two emission channel fibers (Em) that carry the signal to a spectrometer. ture visualized in each modality and the presence and size of any adenomas. The OCT and LIF data were also compared visually to identify fluorescence changes over any abnormal tissue regions.
In addition, quantitative statistical analyses were performed on the LIF data. Previous studies of the LIF spectra of human and murine colonic adenomas have found a reduction in signal at 390 and 450 nm and an increase in signal at 680 nm. 7, 9 Based on these findings, we analyzed the relative intensities at these wavelengths for all the mice in the study. The mice were divided into six groups based on three parameters: state of tissue health, diet, and breed. Table 1 summarizes the groups and the number of subjects in each group. The boundaries of the tissue used for group 1 (adenoma) and group 2 (healthy tissue in colon with adenoma) mice were determined by visual inspection and correlation of the histologically confirmed adenoma in the OCT image with the LIF spectra. The mean and standard deviation of the 680:390 nm, 680:480 nm, and 680:390 nm ratios were calculated for each group.
The absolute signal intensities at 390, 450, and 680 nm were then used to analyze the sensitivity and specificity of LIF in identifying adenomas, where sensitivity is defined as # true positives͑͞# true positives ϩ # false negatives), and specificity is defined as # true negatives͑͞# true negatives ϩ # false positives).
Based on data from previous studies, positive identification of adenoma was associated with 390 and 450 nm spectral intensities below a threshold value and a 680 nm spectral intensity above a threshold. 7, 9 Optimal threshold values for each wavelength (highest sensitivity and specificity for diseased and nondiseased areas of tissue) were determined for mice that developed adenomas (groups 1 and 2). These same thresholds were then applied to nondiseased mice of both breeds in the normal diet group to determine the specificity in this group.
Finally, the fluorescent signal intensities at 390 and 450 nm were analyzed for the different mouse strains in nondiseased mice. The absolute signal intensities and their variation were compared to determine if the LIF signal varied between the different strains.
Results
As expected, none of the C57BL͞6J control mice in either diet group spontaneously developed disease in the colon. Of the six C57BL͞6J-Apc Min͞ϩ mice on the enriched-chlorophyll diet, none developed adenomas that were identified by the OCT-LIF, LSCM imaging, or pathological evaluation of the histology. Of the 10 C57BL͞6J-Apc Min͞ϩ mice on the normal diet, 1 mouse died before imaging and 5 mice each developed one histologically confirmed adenoma in the lower colon. In one of these mice the adenoma was just beyond the scan range of the endoscope and was not imaged with OCT-LIF; however, it was imaged with LSCM. The adenoma in a second mouse had significantly obstructed the bowel, and insertion of the catheter resulted in a perforated colon distal to the adenoma. This mouse was excluded from all data analysis. Consequently, OCT and LIF data were acquired from three of the five adenomas that developed in the distal colon, and LSCM images were taken from four of the five samples. Table 2 summarizes the performance metrics, as identified in Section 1, for the OCT, LIF, and LSCM systems used in the study. The OCT and LSCM images provide structural information about the tissue samples at different scales; the OCT endoscope has only tissue layer resolution but relatively large depth of penetration, whereas the LSCM obtains subcellular resolution but shows significant signal reduction after depths of ϳ100 m. The OCT and LSCM data were also complementary in the sense that the OCT images provided a depth-resolved image of the tissue, while the LSCM images provided an en face perspective. Biochemical information about the tissue state was provided by both the LIF and LSCM data sets. The colon tissue samples were divided into six different groups for the LIF data analysis based on tissue state, mouse strain, and diet. Groups 1 and 2 represent different areas (adenomatous versus healthy) of the same tissue sample. The mice in groups 3-6 were all healthy and were grouped based on genetic strain and diet.
A. Imaging Modality Performance Metrics
The LIF provided low-resolution, gross-tissue fluorescent properties, while the LSCM images provided biochemical information at the cellular and subcellular levels. The relevant performance metrics and trade-offs of each modality are further highlighted in the following sections with the comparison of healthy and diseased tissue samples. Figures 3-6 show results from histologically confirmed healthy colon tissue. Figure 3 compares a representative OCT image to the histology. OCT was readily capable of imaging the layered structure of the healthy tissue. The OCT image shows the mucosa, the mucosa-submucosa, and the submucosatunica media boundaries and the adventitia. In this image, as well as in many others in our study, additional tissue structures outside the colon were visualized, including pancreas and adipose tissues. Figure 4 compares a LSCM image to an en face histology image of healthy colon tissue from a mouse on the regular diet. The LSCM images of healthy colon showed a well-structured tissue characterized by regular crypt structures. The circular crypt structures associated with the surface tissue layer gave way to the cell-lined crypt walls at greater depths in the LSCM images (data not shown). The structure was consistent with the histology, and the diameter of the crypt structures was in close agreement in both modalities. At higher resolutions, the LSCM was capable of visualizing cellular-and subcellular-level details of the cells in the mucosa lining the crypt structures. Figure 5 shows a high-magnification LSCM image in which the nuclei and other cellular organelles were resolved. The autofluorescence signal from the healthy tissue was predominantly in the wavelength region of 460-600 nm. Figure 6 shows the LIF spectra of a healthy mouse correlated to the OCT image. These spectra were typical of healthy colonic tissue and were consistent with previous studies. 22 The two peaks at approximately 390 and 450 nm were attributed to the autofluorescence of collagen and NADH, respectively. The spectral dip at approximately 420 nm was consistent with hemoglobin absorption. This set of LIF spectra were taken from a mouse on the enriched-chlorophyll diet. The distinct fluorescence peak seen at 680 nm was present in all mice on the high-chlorophyll diet.
B. Appearance of Healthy Tissue
C. Chlorophyll Study
To determine if the 680 nm LIF emission peak was the result of chlorophyll metabolites, we compared the absolute intensity of the signal at 680 nm in all healthy mice on the enriched-chlorophyll and normal lab-chow diets (Fig. 7 ). There were nine healthy mice in each diet sample set. The intensity of the 680 nm signal in the high-chlorophyll diet group appeared significantly stronger than the signal in the normaldiet mice, an observation confirmed via a Student's t-test ͑p Ͻ Ͻ 0.01͒. The variation in the 680 nm signal, represented by the standard deviation of the signal intensity, was also slightly larger in the highchlorophyll-diet mice relative to the normal-diet mice. In previous studies of mice on a chlorophyll-free diet, the observed 680 nm intensity was significantly smaller than the normal ͑p Ͻ 0.02͒ and highchlorophyll ͑p Ͻ Ͻ 0.01͒ diet groups. The average intensity of the 680 nm signal in the highchlorophyll-diet mice was 650% larger than the average 680 nm signal in the chlorophyll-free-diet mice.
In the normal-diet mice the average intensity of the 680 nm signal was 60% larger than that of the chlorophyll-free-diet mice.
D. Appearance of Diseased Tissue
Of the three adenomas within the imaging range of the OCT-LIF endoscope, all three were distinctly visualized in the OCT images. The adenomatous areas showed a loss of the layered structure that characterized the normal colon tissue. The layered structure of the healthy tissue immediately proximal and distal to the adenomas was seen to drop sharply at the boundary of the adenoma and was replaced by a disorganized mass, typically a few millimeters in length. An OCT image of one of the adenomas and the corresponding histology is presented in Fig. 8 . In this OCT image several hypointense oval-shaped regions can be seen within the adenoma that correlate to mucin-filled dilated crypts seen in the histology. All three adenomas were visualized over an angular range of 45°-90°. The LSCM images of adenomas also showed an irregular structure [ Fig. 9(a) ]. LSCM images taken over the adenomas did not show the same organized crypt structure that characterized the normal colon tissue. Instead, the colon tissue appeared smoother on the surface, with deep folds. At higher resolutions, the cellular-level structure and organization of the adenomatous tissue differed notably from the healthy tissue. While the healthy tissue was characterized by tightly packed, consistently organized cells of similar size and shape, the cellular-level organization of the adenoma appeared more haphazard. LSCM was also capable of identifying the gross boundary of the adenoma, where the mucosa thickness changed rapidly over a depth of greater than 1 mm. This boundary is seen in Fig. 9(b) . Figure 10 shows the LIF spectra from an adenoma correlated to the OCT image. As expected, the spectra show a decrease in the absolute 390 and 450 nm signals and an increase in the absolute 680 nm signal. The mean and standard deviation of the 680:390 nm, 680:450 nm, and 450:390 nm ratios for each mouse group are plotted in Fig. 11 . The mean for all three ratios was larger in regions identified as adenoma compared with healthy tissue of mice on the same (normal) diet. The mean ratio in the healthy areas of colons with adenomas was similar to those in comparable mice in which no adenoma had developed, although the standard deviations were larger. The 680:450 nm and 680:390 nm mean ratios in the enriched-chlorophyll-diet mice were higher than all healthy, normal-diet mice; however, the means of the 450:390 nm ratios were comparable between all healthy mice of different diets and strains.
Using the absolute signal intensity at 390, 450, and 680 nm, we calculated the sensitivity and specificity of the LIF data to disease to be 81% and 80%, respectively. The same test was then applied to nondiseased mice in the normal diet group. A specificity of 87% was achieved for all mice in this diet group, with 82% Fig. 7 . Average and standard deviation of absolute intensity of the LIF signal at 680 nm in normal-diet mice (1-9) and highchlorophyll-diet mice (10 -18). Fig. 8. (a) OCT image of colonic adenoma (A). Note the healthy, structured tissue immediately proximal and distal to the adenoma. The adenoma is characterized by a thickening of the mucosal layer and a loss of layered structure. Mucin-filled dilated crypts (DC) can be seen in the adenoma in the OCT image. (b) Corresponding histology. The histology of the adenoma is consistent with the structure seen in the OCT image, including the presence of the dilated crypts. Other abbreviations as in Fig. 3 . specificity in the control group and 93% specificity in the Apc Min͞ϩ group. The fluorescent signal intensity at 390 and 450 nm for nondiseased mice of the two different strains is shown in Fig. 12 . The variance and range of the signal at both 390 and 450 nm is notably larger in the Apc Min͞ϩ mice compared with those of the C57 control mice. The variance in the signal intensity was between 207% and 547% greater in the Apc Min͞ϩ group relative to the control group on the same diet. An F-test ͑p Ͻ 0.01͒ confirmed that the difference in variances at both 390 and 450 nm across diet groups was statistically significant.
Discussion
In this study we used four different optical modalities to accomplish two specific imaging tasks in the investigation of mouse colon cancer.
Our first task was multimodal classification of both healthy and diseased tissue. In each modality differences were seen between healthy and adenomatous tissue. However, each modality provided different resolution scales and complementary information about the tissue structure and biochemistry that potentially could be used to improve the diagnostic and screening capabilities relative to any single modality on its own.
In pursuit of this first task, OCT successfully showed tissue-layer resolution of the structure of the colon in both healthy and diseased tissue. The layers visible in the depth-resolved OCT images of healthy colon closely correlate with the layered structure visible in histology (Fig. 3) . The resolution of our OCT system was not sufficient to identify the crypt structures in the mucosa or other cellular-level details. However, recent development of high-resolution OCT systems has enabled the visualization of structures within the rabbit mucosa, including crypts. 4 We have recently developed an ultrahigh-resolution catheter with approximately 4 m axial and lateral resolution that has imaged structures consistent with murine colon crypts in situ. 29 We plan a future study to confirm this finding. While not quantitatively examined in this study, the highly resolved tissue-layer thicknesses in the OCT images can be measured and analyzed as an indicator of tissue condition. Previous studies have shown that layer thicknesses in OCT images closely correlate with healthy and diseased tissue-layer thicknesses measured in histology. 7 The LSCM images also provided structural data that correlated closely with histology but with a significantly higher resolution relative to the OCT images. The circular structures visible in the autofluorescence LSCM images closely correlate with the crypts visible in histology (Fig. 4) . Subcellular structures were also identifiable in the highermagnification LSCM images that correlate with structures, such as nuclei, visible in the histology (Fig. 5) . Further miniaturization and improvements in the dynamic range of LSCM endoscopic-based systems may enable imaging of these subcellular structures in vivo and in real time, although complete coverage of the lower colon may be unachievable in a reasonable amount of time. With a weak colon autofluorescence signal, collecting a single highresolution, multiple-depth image stack with acceptable image quality can take several minutes with the LSM 510 instrument. Because of the high magnification of the microscope objective, the field of view of LSCM images is limited to a few hundred micrometers. Using such a time-consuming technique to cover the entire colon would not be practical for in vivo applications in a clinical setting. However, because high-speed, helical-scanning OCT systems could permit a complete, high-resolution, depth-resolved scan of the lower mouse colon in a few minutes, OCT could be used to identify potentially abnormal tissue structures that could be further investigated by using higher-resolution LSCM. In our study of the colon tissue ex vivo on the LSCM, we used the OCT-LIF endoscopic data to guide our imaging to particular areas of interest, such as adenomas. Combining modalities to decrease measurement time and improve tissue targeting is a clinically relevant benefit of the multimodality approach.
The large depth of penetration of OCT imaging enabled visualization and differentiation of tissue outside the colon. In the OCT image of healthy colon presented in Fig. 3 , two different tissue types (pancreas and adipose) can be visualized external to the colon. In this context one major advantage of OCT in imaging biological tissue is its capability of probing more than 1 mm into the tissue to determine the thickness of layers and to identify subsurface structures. LSCM has a limited penetration depth ͑ϳ100 m͒, making autofluorescent LSCM impractical for identifying layers below the mucosa. However, LSCM can be useful in determining the thickness of certain structures. The LSCM image [ Fig. 9(b) ] and the OCT image [ Fig. 8(a) ] of the adenoma both show the steep slope of the tissue at the edge of the adenoma. In the LSCM image a change in tissue height of more than 1 mm occurs in less than 200 m laterally. In the OCT image this edge is seen as the sharp falloff in the healthy, structured tissue adjacent to the adenoma. The insertion of the catheter into the colon pushes against the adenoma and deeper colon tissue, forcing this steep drop-off at the edge of the adenoma. OCT is not capable of imaging through the entire depth of the adenoma, making it difficult to determine its thickness. However, a single-axis projection of the en face LSCM image over a full depth scan at the edge of the adenoma enables estimation of its height [ Fig. 9(b) ]. The measurement of approximately 1 mm in the LSCM image is consistent with the histology of this adenoma, seen in Fig. 8(b) .
The LIF modality was also capable of aiding the task of multimodal classification and differentiation of healthy and diseased colon tissue. LIF does not provide structural information and in our system was capable of providing only macroscale fluorescence data. The sensitivity and specificity computed from our LIF data are not as high as others who have reported LIF sensitivities and specificities in the range of 90%-100%. 8, 9 Our sensitivity and specificity might be improved by the use of more complex algorithms. In the present study we simply used constant threshold values for each of the three wavelengths examined, and our results might also have been negatively affected by the limited number of adenomas. The sensitivity and specificity of the LIF modality might also be further increased with improved design of the LIF excitation and emission collection channels in the dual-modality endoscope.
An advantage of our dual-modality endoscope is that we can spatially and temporally correlate the LIF spectra with the structure of the tissue seen in the OCT images. By combining the two modalities, we do not have to rely solely on the sensitivity and specificity of the LIF spectra. Suspect LIF signal can be confirmed with visual inspection of the tissue structure in the OCT image and vice versa. This benefit can be important from a practical perspective for in vivo, endoscopic analysis of the colon. The insertion of the endoscope can cause folds, stretching, or dips in the tissue that can make visualizing the tissue structure with OCT difficult in places. Also, fecal contamination can result in OCT images that are difficult to interpret. Consistent with our task of multimodal imaging, LIF was successfully used to identify an ambiguous, abnormal OCT region as adenoma. LSCM and histology confirmed that this region was in fact adenomatous.
Our second specific task was the investigation of the 680 nm autofluorescent signal. LIF was the most useful modality for the task of studying the correlation of the 680 nm autofluorescent signal and the enriched-chlorophyll diet. Both the LIF and LSCM data contributed to the goal of attempting to isolate the location of the fluorophore. Because OCT provides only structural data, it did not provide useful data on the biochemical origins of the 680 nm signal.
In the LIF data we saw a consistent and distinct peak at 680 nm throughout the colon of all mice on the enriched-chlorophyll diet. The average 680 nm intensity was significantly larger in the highchlorophyll diet group than in the normal diet group. While there was some 680 nm signal in the normal diet group, this signal was less frequently seen as a distinct peak, and more commonly it was simply the low-intensity tail of the emission signal from NADH and collagen. For mice on the chlorophyll-free diet, the 680 nm emission was even smaller and consisted solely of this low-intensity tail. The ratio analysis performed on the LIF data for different mouse groups further demonstrates the effect of the highchlorophyll diet. As we would expect, both the 680:450 nm and 680:390 nm ratios were higher in both strains of mice on the high-chlorophyll diet compared with the normal diet groups. However, the ratio for 450:390 nm was very similar in both strains across the diet groups. This evidence strongly suggests that the distinct, single 680 nm peak seen in the LIF spectra is a by-product of the mouse diet with chlorophyll metabolites, such as pheophorbide-a and pyropheophorbide-a, as the autofluorescent source. 30 Both of these compounds are known to have a distinct fluorescence peak at approximately 680 nm, and neither has a second peak at approximately 630 nm that is characteristic of other porphyrin derivatives, such as protoporphyrin IX and hematoporphyrin derivative. 24, 31 The LIF data, however, was less useful for the task of determining the location of the 680 nm fluorescence. While LIF indicated the macroscale presence of a fluorophore at 680 nm emission, it could not determine where in the tissue this autofluorescent signal originated on account of the limited resolution of our catheter design. The LSCM data complemented the LIF data and was helpful in providing clues as to the origins of the fluorescence signal. For this specific task, LSCM offered a major advantage because it combined fluorescence data with high-resolution images of the tissue structure that enabled spatial correlation of image data with biochemical information. The LSCM data showed the red signal seen in the high-chlorophyll-diet mice was often from a large particle on top of the tissue, clearly resulting from fecal contamination. In some cases, however, the red fluorescence was more diffuse across and within the crypt structures of the colon. Further studies are needed to determine whether this diffuse signal is indeed intercellular or simply due to extremely small particle-size contamination. Interestingly, the 680 nm fluorescence in the adenomas was significantly higher than in the adjacent tissue. It is still unclear whether this signal increase resulted from an increase in fecal contamination due to the convoluted surface of the adenoma or the selective uptake of chlorophyll metabolites in the diseased cells. If this signal is determined to be intercellular, chlorophyll might potentially be used as a natural exogenous fluorescent contrast agent.
One further result of potential interest is the vari-ation observed in both the 390 and the 450 nm LIF signals between the Apc Min͞ϩ mice and the C57 control mice. In the OCT images and histological sections of these different mice strains, no discernible difference in the structure of healthy tissue was noted. However, we found that the variation of the LIF signal from these healthy mice was dependent on strain, with the variance of the signal at both 390 and 450 nm significantly larger in the Apc Min͞ϩ group than in the control group. This suggests that genotype differences between the mouse groups are expressed as phenotype changes evident in the LIF signal. This genotype-dependent variation in LIF intensity at 390 and 450 nm was present in both diet groups.
Conclusion
The choice of modality and instrument design is driven by the tissue being studied and whether the diagnosis is to be performed in vivo or ex vivo. Optical modalities offer several unique advantages in resolution and depth of penetration as well as in miniaturization for in vivo applications. This study considered four optical modalities that are suitable for in vivo and ex vivo imaging in a mouse model of colon cancer.
OCT and LSCM offer the potential of acquiring tissue-structure data that closely correlate with histology in real time and nondestructively. Both modalities were effectively capable of identifying and differentiating healthy and diseased tissue states. The LSCM and LIF data give further insight into the biochemical properties of the colon tissue that can be combined with structural information to help determine disease state.
The greatest promise of the OCT, LIF, and LSCM modalities for clinical applications lies in their compatibility with optical fiber-based designs. Improving endoscope technologies makes the goal of a device that combines all three modalities to enable real time, in vivo imaging a realistic, near-term prospect. While histology will remain the gold standard for pathological diagnosis, the capability of studying and monitoring tissue in vivo and nondestructively with optical imaging techniques is beneficial for studies of the progression of disease over time and the efficacy of therapies.
